Electrophysiological and morphological properties of genetically identified spinal interneurons were examined to elucidate their possible contribution to locomotor-like rhythmic activity in 1-to-4-day old mice. In the transgenic mice used in our study, the HB9 promotor controlled the expression of the reporter gene 
Introduction
Locomotion in vertebrates is generated by spinal networks known as central pattern generators (CPGs) that can function independently of central and peripheral synaptic inputs (Graham-Brown, 1914; Grillner and Wallen, 1985; Keihn and Butt, 2003) . The locomotor CPG consists of spinal interneurons constituting the rhythmgenerating and rhythm-coordinating networks that control hindlimb movements. In the isolated spinal cord fictive locomotion is defined as alternating rhythms between leftright lumbar ventral roots and flexor-related and extensor-related motoneuron pools (Kudo and Yamada, 1987; Cazalets et al., 1990; Kiehn and Kjaerulff, 1996) . Much of our knowledge about the neuronal organization of the CPG comes from studies of the swimming movements in the lamprey and Xenopus (Buchanan, 1982; Cohen and Harris-Warrick, 1984; Buchanan and Grillner, 1987; Roberts et al., 1998) .
Considerably less is known about the identity of interneurons forming the locomotor networks in walking mammals. It is generally thought that networks responsible for rhythm generation are distributed along several thoracic and lumbar segments, with a rostrocaudal rhythmogenic gradient (Cazalets et al., 1995; Kjaerulff and Kiehn, 1996; Kremer and Lev-Tov, 1997) . In the transverse plane, interneurons of the hindlimb CPG seem to be located in the ventromedial regions of laminae VIII, X, and medial lamina VII (reviewed by Kiehn and Kjaerulff, 1998) . Using blind whole-cell patch clamp recordings, recent studies have identified heterogeneous populations of commissural inhibitory interneurons that might constitute part of the left-right coordinating networks in the rat spinal cord Butt and Kiehn, 2003;  reviewed by .
Progress in identifying interneurons that are functionally integrated component of the CPG has been slow, partly because determining synaptic circuitry requires the classification of particular neuronal populations (reviewed by Jankowska, 2001 ). To overcome some of the technical limitations of interneuron identification in the isolated spinal cord, transgenic mice have been used with the intention of characterizing interneurons with genetic markers. A novel approach has recently become available with the discovery that ventral neurons can be distinguished by combinatorial expression of transcription factors (Pierani et al., 1999 (Pierani et al., , 2001 Briscoe et al., 2000; Goulding and Lamar, 2000) , and distinct genetic markers for specific neuronal populations have been used to functionally identify their role in motor behavior (Wenner et al., 2000; Lanuza et al., 2004 , reviewed by Jessell, 2000 Goulding et al., 2002; Shirasaki and Pfaff, 2002, Kiehn and .
In our study, a fragment of HB9, a homeobox gene crucial for motoneuron differentiation (Arber et al., 1999; Thaler et al. 1999 ) was used to drive the expression of the reporter gene enhanced green fluorescent protein (eGFP), generating GFP positive (GFP + ) motoneurons and ventral interneurons. The objective of this study was to examine the properties of a distinct cluster of HB9 + /GFP + interneurons and to characterize their activity pattern during neurochemically induced locomotor rhythms in the isolated spinal cord. Our electrophysiological, morphological and immunohistochemical findings suggest that the visually identified HB9/GFP interneurons are premotor glutamatergic interneurons that might constitute part of the locomotor rhythm-generating networks.
A preliminary report of this study was published in an abstract form .
The B6DF2 mouse was used to generate the transgenic HB9 mouse line (Arber et al., 1999) . A 9 kb fragment including the 5' upstream region of the murine HB9
gene was used to control the expression of the reporter gene eGFP, generating GFP + somatic and autonomic motoneurons and ventral interneurons. The procedures for generating the HB9/eGFP transgenic mice and the genetic elements used for the construct have been described previously (Wichterle et al., 2002) . The transgenic HB9/eGFP mouse was generated by Ivo Lieberam and Thomas Jessell (Columbia University, NY).
Ventral root and whole-cell patch clamp recordings. Postnatal (P1-P4) mice were anesthetized by hypothermia then decapitated and spinal cords were extracted in ice-cold oxygenated extracellular solution. The cord with ventral roots T12-S2
attached was isolated and equilibrated at room temperature for 30 min. The cord was then transferred to a Sylgard-coated recording chamber, where it was continuously superfused with oxygenated extracellular solution at a rate of 2-5 ml/min at room temperature. The procedures for ventral root recordings were similar to those described previously (Hinckley et al., 2004) . To verify that rhythms were related to locomotion, motor outputs were recorded in left-right L2 and the right L5 ventral roots.
Ventral root potentials were amplified with AC-coupled DAM-50 amplifiers (World Precision Instrument) and were recorded using Axotape software (Axon Instruments).
Potentials were filtered at 1-3 kHz, digitized at 2-5 kHz and stored on a disk for offline analysis.
Locomotor-like rhythms were triggered in the intact spinal cords using a mixture of the neurotransmitter agonists N-methyl-DL-aspartic acid (NMA, 4-7 µM), 5-hydroxytryptamine creatinine sulfate complex, (5-HT, 7-10 µM) and dopamine (25-50 µM, Jiang et al., 1999; Hinckley et al., 2004) . For whole-cell patch clamp recordings in visually identified GFP + interneurons, intact cords were longitudinally cut along the midline and the hemispinal cords were placed in the recording chamber with the medial side up. GFP + clustered interneurons, located close to the medial surface, were visualized using fluorescence optics with excitation at 490 nm (Olympus BX50WI microscope). To obtain whole-cell recording configuration, the optics were switched to infrared-differential interference contrast optics . GFP diffusion into the patch clamp pipette confirmed that recordings were performed in GFP + interneurons. Whole-cell recordings were carried out using electrodes pulled to tip resistances of 5-8 M using a multi-stage puller (P-97, Sutter Instruments). Intracellular potentials were recorded with an Axoclamp 2B amplifier (Axon Instruments). Potentials were filtered at 3 kHz and digitized at 10-20 kHz.
Interneurons were included in the study only if their resting membrane potentials were more negative than -50 mV and action potential peak amplitudes overshot zero.
Membrane potentials were corrected for a 10 mV liquid junction potential (Gao et al., 2001 ).
Morphology. Axonal projections of the clustered GFP + interneurons were examined in neurobiotin-filled neurons. Neurobiotin (0.5%) was dissolved in the pipette solution and it diffused into the cell during intracellular recordings. Hemispinal cords were fixed overnight in 4% freshly depolymerized formaldehyde in 0.1M phosphate buffer (pH 7.4). The cords were then washed 3 times (10 min each) in phosphate buffer and were embedded in 2-6% agar. The hemicords were cut into transverse 70-100 Lm sections and placed in serial order in small vials. These were rinsed and incubated overnight in avidin-rhodamine (1:1000, Jackson
Immunoresearch, West Grove, PA, USA) in phosphate buffered saline (PBS) containing 0.3% Triton X100 (PBST). The tissue was then rinsed in PBS and mounted in serial order on glass slides with anti-fade mounting medium (Vectashield, Vector Laboratories, Peterborough, UK). Sections containing labeled neurons were selected after viewing them with a fluorescence microscope, and these were then processed for immunocytochemistry.
Immunohistochemistry. Transverse slices with neurobiotin-filled interneurons were incubated for 24-72 hrs at 4°C in a mixture of rabbit anti-GFP antiserum (Hinckley et al., 2004) . To facilitate the analysis of burst properties, extracellular recordings were rectified and smoothed using adjacent averaging over 100-200 points (Origin 6, MicroCal). These were used to calculate the cycle period and burst interval, duration and amplitude.
Cycle period was defined as the time between the onset of two consecutive bursts, and burst duration was measured as the time between the onset of excitation and its return to baseline. Paired t-tests were used to determine the statistical significance (p < 0.05).
Rhythm stability was measured by cycle period variation coefficient (SD/mean). The length of the mean vector is inversely correlated with the distribution of the phase values around the mean (Beato and Nistri, 1999; Lev-Tov et al., 2000 . The significance of the mean was calculated from the length of the vector (r) using Rayleighs test (Zar, 1974) .
In interneurons that exhibited repetitive firing, ventral root cycle periods were divided into 10 equal bins, with bins 1-5 representing the period of ventral root burst and bins 6-10 representing the interburst period. Frequencies of instantaneous action potentials or postsynaptic currents were averaged for all events within one bin for 20 successive cycles. Interneuron-ventral root correlation was determined by comparing the averaged frequency at the burst and interburst phases. Averaged binned instantaneous frequencies were pooled for all interneurons and plotted in histograms.
Correlation of the entire pool of firing interneurons was determined by averaging binned frequency values and comparing them at the burst and interburst periods using Student's t-test.
High duty cycle variability, the fraction of the cycle period during ventral root burst, adversely affects analysis of cyclic event patterns unless a dual reference procedure is used (Berkowitz and Stein, 1994) . The averaged duty cycle was 55 ±
.08% (n = 13), indicating that increased action potential frequency during the first half of the cycle period corresponded to the duration of ventral root burst. mOsm. All chemicals were obtained from Sigma.
Solutions and chemicals.

Distribution of GFP + ventral neurons
In our study, mice were genetically altered using the HB9 promotor to drive the expression of the reporter gene eGFP. Co-expression of HB9 protein and eGFP is (Fig. 3 ).
Rhythm quality was reduced in most preparations after the midsagittal cut.
Variation coefficients for cycle period and burst duration increased by 42.9% and 73.8% sec, respectively. Moreover, the cycle period increased from 5.0 ± 1.8 sec (SD, n = 10) in the intact cord to 8.9 ± 2.3 sec in the hemisected spinal cord. Similar findings have been reported in the lamprey hemisected spinal cord (Cangiano and Grillner, 2003) . In some hemispinal cords, higher concentrations of agonists were required to restore rhythmic activity (see also Kremer and Lev-Tov, 1997) . Most recordings were carried out in L2, in which rhythmic discharges could persist for several hours. Typically, at membrane potential of -50 to -60 mV, HB9/GFP interneurons fired at frequencies that varied from 0.5 to 4.5 Hz. The firing rate increased 2-3-fold during the first half of the cycle period, which corresponded to ventral root burst (Fig. 5B ). To examine the pattern of subthreshold membrane potentials during ventral root bursts, neurons were hyperpolarized to potentials more negative than action potential threshold (~ -65 mV, Fig. 6 ). Highly correlated membrane oscillations and ventral root rhythmic discharges were recorded in 86% of neurons (n = 24/28). In those neurons, rhythmic membrane depolarizations reached action potential threshold, triggering a short firing burst (Fig. 6) . The 10-fold increase in firing rate corresponded to the duration of ventral root bursts.
The histograms of firing frequency at zero bias current (Fig. 5 ) and at -5 to -20 pA bias current (Fig. 6) were similar, but the firing rate was higher at more positive membrane potentials (Fig. 5) . In a few interneurons (n = 4), only small, subthreshold membrane depolarizations of 3-7 mV, in-phase with ventral root burst were recorded (not shown). Neurons in the proximity of the cluster did not generate rhythmic activity (GFP + , n = 5; GFP -, n = 4). Our findings suggested that exposure to neurotransmitter agonists triggered rhythmic activity in the majority of HB9/GFP interneurons, but not in lamina VIII interneurons adjacent to the clusters.
To determine whether rhythmic membrane oscillations were associated with changes in synaptic activity, the frequency of excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs, respectively) was analyzed during the cycle period (Fig.   7 ). Whole-cell patch clamp recordings were carried out at holding potentials of -40 to -45 mV (n = 9). Under our experimental conditions, glycine and GABA reversal potentials were approximately -67 mV (Gao et al., 1995) , therefore EPSCs and IPSCs appeared as inward and outward currents, respectively. The average EPSC frequency increased approximately 2-fold during ventral root burst (Fig. 7B) . The onset of increased EPSC frequency preceded the onset of ventral root burst and it was significantly higher during the burst. Instantaneous frequency during ventral root burst was 7.0 ± 2.4 Hz (SD, n = 9), significantly higher than the 3.6 ± 2.0 Hz recorded during the interburst period (p < 0.05). IPSC frequency was low (< 1 Hz) and did not change during the cycle period. EPSC frequency was > 7-fold higher than IPSC frequency during ventral root bursts, and > 3-fold higher during the interburst phase.
These findings suggested that in the hemisected spinal cord: 1) HB9/GFP interneurons received mostly excitatory inputs rhythmically correlated with ventral root bursts, and 2) Inhibitory synapses onto these interneurons did not play an important role in regulating the amplitude and duration of membrane depolarizations. 
Neurotransmitter agonists increased input resistance
Input resistance was measured by recording membrane potentials in response to steps of hyperpolarizing currents during the interburst phase. In the majority of interneurons (n = 13/15), changes in membrane potentials were linear in the range of -60 to -180 mV (not shown), and the average input resistance was 1.0 GS ± 0.4 (SD, n = 13). In only two interneurons, small hyperpolarization-dependent depolarizing sags were apparent at potentials more negative than -150 mV (not shown).
Lower input resistance of 0.7 ± 0.3 GS (n = 8) was measured when neurotransmitter agonists were removed from the extracellular solution, implying that at least one of the agonists in the mixture increased interneuron input resistance.
Removing the agonists also significantly reduced the frequency of excitatory postsynaptic potentials. It is conceivable that 5-HT was responsible for the increase in input resistance, higher EPSP frequency and possibly the generation of oscillatory potentials as shown in motoneurons of the postnatal rat spinal cord (Ziskind-Conhaim et al., 1993) .
A rheobase of 10-15 pA was measured in HB9/GFP interneurons. The threshold current for action potential generation did not change when the agonists were removed, and in most interneurons, a similar pattern of action potential firing was recorded in the presence and absence of neurotransmitter agonists.
Morphological and immunohistochemical properties of HB9/GFP interneurons
HB9/GFP projections to potential target neurons was examined in neurobiotinfilled interneurons. The ~15 Lm-diameter, bipolar interneurons had primary dorsal and ventral dendrites extending > 200 Lm (Figs. 8A and 9A , n = 12). Short-distance neurobiotin-filled axon projections gave rise to bouton-like varicosities in close apposition to proximal dendrites and somata of adjacent, GFP + clustered interneurons (Fig. 8B ). This might be indicative of recurrent synaptic connections between clustered interneurons. Neurobiotin-filled axon collaterals with arborizations in the area between the lateral and medial motor columns (Fig. 8C ) had bouton-like varicosities in close apposition to GFP + motoneuron dendrites (Fig. 8D ). Our morphological observations raised the intriguing possibility that HB9/GFP interneurons form synaptic contacts on motoneurons. A recent study has shown that most GFP + interneurons were labeled with antibody against vesicular glutamate transporter 2 (VGLUT2), suggesting that these were glutamatergic interneurons (Hartley et al., 2003) . To examine whether the clustered HB9/GFP interneurons were premotor, glutamatergic interneurons, transverse slices of the hemisected cord were stained with anti-VGLUT2 antiserum.
Triple-labeled GFP + , neurobiotin-filled boutons labeled with VGLUT2, were apposed to GFP + dendrites in the area between the lateral and medial motor columns (Fig. 9 , n = 4). Although it is unlikely, we cannot rule out the possibility that neurobiotin-filled, VGLUT2 boutons were in close apposition to distal dendrites of GFP + interneurons located dorsally to the motor columns rather than to motoneuron dendrites (Fig. 9B) .
Only a fraction of GFP + /neurobiotin-filled boutons were labeled with VGLUT2, probably because of the limited penetration of the VGLUT2 antibody, which was restricted to axonal arborizations within 15 Lm of the tissue surface. Based on our findings, it is conceivable that the clustered HB9/GFP interneurons were premotor glutamatergic interneurons that were part of the CPG network in the hemisected spinal cord. 
Functional classification of HB9/GFP interneurons
Traditionally, spinal interneurons have been functionally identified by their synaptic inputs, intrinsic properties, target neurons and the role they play in motor activity (reviewed by Jankowska, 2001) . It has been suggested that some group I afferents and flexor-related afferents provide synaptic inputs to interneurons involved in rhythm generation, because hindlimb reflex pathways modulate the activity pattern of the locomotor CPG circuitry in the cat spinal cord (Gossard et al., 1994; reviewed by Hultborn et al., 1998; McCrea 2001) . However, the specific function of afferent
projections is yet to be determined because they also control motoneuron excitability during locomotion. Identifying synaptic inputs is a challenging task in the isolated spinal cord, in which neurons with long-range descending projections are not preserved. Recent studies have provided new information about the identity of commissural interneurons that might constitute part of the CPG networks in the rodent spinal cord. Blind whole-cell recordings have characterized distinct populations of functionally identified commissural inhibitory interneurons that might constitute part of the rhythm coordinating networks in the rat spinal cord Butt and Kiehn, 2003 ; reviewed by . Using molecular probes and genetic manipulations, EphA4-positive neurons have been identified as ipsilateral excitatory interneurons that are integral component of the locomotion CPG in the mouse spinal cord (Kullander et al., 2003) .
Genetic identification has become an alternative approach to functional identification based on recent findings that interneuron subtypes can be distinguished by their specific expression of transcription factors. The principle of using transcription factors as markers for identifying distinct interneuron populations relies on differences in gene expression as a basis for functional identification (Wenner et al., 2000; Lanuza, 2004; reviewed by Goulding et al., 2002; Shirasaki and Pfaff, 2002, Kiehn and . typically expressed only in the interneuron population adjacent to the motor nuclei (Arber et al., 1999) . It remains to be determined whether the HB9 gene plays an important role in the differentiation of the medially clustered interneurons.
It is unlikely that the widely distributed HB9 -/GFP + interneurons in laminae VII-VIII and X all belong to a network of specific function. However, even if the overall GFP expression pattern throughout the ventral horn is not correlated with a distinct function, the consistency of the distribution pattern of GFP + neurons in the ventral horn can be used to reliably target subsets of visually identified interneurons for electrophysiological and morphological studies.
The identity of neurons making synaptic contacts on HB9/GFP interneurons remains mostly unknown. Our findings that EPSC frequency is significantly higher than IPSC frequency suggest that rhythmically active excitatory synapses contact HB9/GFP interneurons in the hemisected spinal cord. Based on our morphological observations, it is conceivable that clustered interneurons make synaptic connections on each other (Fig. 8B) , implying that at least a fraction of EPSCs are generated by other HB9/GFP interneurons. Reciprocal excitation between HB9/GFP interneurons might serve to effectively increase and synchronize their neuronal output. Axonal arborizations of HB9/GFP neurons in motoneuron pools and the expression of VGLUT2 in boutons apposed to motoneuron dendrites, strongly suggest that these are premotor glutamatergic interneurons. Paired electrophysiological recordings or electron micrographs could provide direct evidence for this hypothesis. Similar function of mutual excitation and motoneuron activation has been described for excitatory premotor interneurons in the lamprey spinal cord (Buchanan and Grillner, 1987; Parker and Grillner, 2000, Parker, 2003) .
Rhythmic activity in HB9/GFP interneurons
Our findings that rhythmic firing in HB9/GFP interneurons is in-phase with ventral root rhythmic bursts indicate that they might comprise a functional component The low frequency of IPSCs recorded in HB9/GFP interneurons during all phases of rhythmic cycle period suggests that the amplitude and duration of rhythmic membrane depolarizations are not regulated by ipsilateral inhibitory interneurons that directly synapse onto HB9/GFP interneurons. Similarly, it has been shown that ipsilateral inhibition is not required for rhythm generation in Xenopus and lamprey hemisected cords, indicating that the interaction between excitatory interneurons is sufficient for rhythm generation (Soffe, 1989; Cangiano and Grillner, 2003 , 1997) . Similarly, synaptic drive affects rhythmic firing in descending commissural inhibitory interneurons .
The correlation between rhythmic activity in HB9/GFP interneurons and rhythmic motoneuron outputs implies that HB9/GFP interneurons receive cyclic timing inputs from the locomotor CPG. This correlation raises the intriguing possibility that this cluster of premotor glutamatergic interneurons is a functionally integrated component of rhythm-generating networks. However, the evidence that these neurons are directly involved in generating the rhythmic pattern of motor output is circumstantial. Direct experimental approach to demonstrate that HB9/GFP interneurons are essential neuronal components of the locomotor CPG is to examine the effects of their ablation or inactivation on locomotor rhythms. However, it should be noted that this strategy is based on the unsubstantiated assumption that there is no redundancy or degeneracy in rhythmic interneuron inputs to motoneurons.
In conclusion, we have identified a genetically distinct population of lamina VIII premotor interneurons that generate rhythmic membrane potentials in-phase with rhythmic motor outputs. The restricted HB9 expression in the clustered interneurons distinguishes them from other interneuron populations, and might be indicative of their distinctive function in motor behavior.
